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system bandwidth into multiple (N5) orthogonal subbands. These subbands are also

referred to as tones, subcarriers, bins, and frequency channels. With OFDM, each
subband is associated with a respective subcarrier that may be modulated with data. Up
to Nr modulation symbols may be transmitted on the Ny subbands in each OFDM
symbol period. Prior to transmission, these modulation symbols are transformed to the
time-domain using an Ng-point inverse fast Fourier transform (IFFT) to obtain a
“transformed” symbol that contains N chips.

OFDM can be used to combat frequency selective fading, which is characterized by
different channel gains at different frequencies of the overall system bandwidth. It is
well known that frequency selective fading causes intersymbol interference (ISI), which
is a phenomenon whereby each symbol in a received signal acts as distortion to one or
more subsequent symbols in the received signal. The ISI distortion degrades
performance by impacting the ability to correctly detect the received symbols.

Frequency selective fading can be conveniently combated with OFDM by repeating a
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SUMMARY
Techniques for transmitting pilot and estimating the response of a wireless channel
with excess delay spread are described herein. To mitigate the deleterious effects of

excess delay spread, the number of pilot subbands is selected to be greater than the

cyclic prefix length (i.e., Ny >N ) to achieve “oversampling” in the frequency

domain. The oversampling may be obtained by either (1) using more pilot subbands in
each OFDM symbol period or (2) using different sets of pilot subbands in different
OFDM symbol periods (i.e., staggered pilot subbands). For example, a staggered pilot

transmission scheme may use two sets of pilot subbands, with each set containing N,
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the detailed description set forth below when taken in conjunction with the drawings in
which like reference characters identify correspondingly throughout and wherein:

FIG. 1 shows an OFDM modulator for an OFDM system;

FIGS. 2A and 2D show a wireless channel with excess delay spread and its effective
channel, respectively;

FIGS. 2B and 2C show a sequence of received chips for the wireless channel;

FIG. 3 shows a subband structure that may be used for the OFDM system;

FIGS. 4A, 4B and 4C show a sampled channel for a wireless channel, its effective
channel, and its estimated channel with critical sampling, respectively;

FIGS. 5, 9A and 9B show three staggered pilot transmission schemes;
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signal constellation corresponding to the modulation scheme. For each OFDM symbol

period, one “transmit” symbol is sent on each of the Ny subbands. Each transmit
symbol can be either a modulation symbol for pilot/data or a signal value of zero (i.e., a
“zero symbol”). An IFFT unit 110 performs an Ng-point IFFT on the Ng transmit
symbols for the Np total subbands in each OFDM symbol period and provides a
transformed symbol that contains Ng chips. The IFFT may be expressed as:

§ = EngNyg H Eq (1)

where S is an Nj x1 vector of transmit symbols for the N subbands;
Wi, 18 an N x Ny discrete Fourier transform (DFT) matrix;

s is an N x1 vector of time-domain chips; and
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FIG. 2B shows a sequence 220 of received chips for the wireless channel shown in
FIG. 2A. Received chip sequence 220 is a convolution of a transmitted chip sequence
with taps 212 and 214 for the wireless channel. Received chip sequence 220 is
composed of (1) a chip sequence 222 generated by convolving main channel tap 212
with the transmitted chip sequence and (2) a chip sequence 224 generated by
convolving excess channel tap 214 with the transmitted chip sequence, where s; denotes
the i-th chip for the current OFDM symbol, x; denotes the i-th chip for the previous
OFDM symbol, and i =1 .. N.

FIG. 2C shows the decomposition of received chip sequence 220 into different

components. Chip sequence 224 in FIG. 2B is replaced with (1) a chip sequence 226
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ok =Eg|h|* (N, /Ny), fork=1.N;, Eq (4)

where E; is the transmit symbol energy, |4, |* is the power of the excess channel, and
0% is the noise power due to ISI on each subband. As shown in equation (4), the ISI

noise power per subband is (1) proportional to the excess channel energy |4, |, (2)

proportional to the excess Ney, Which is indicative of the amount of leakage of the
previous OFDM symbol onto the current OFDM symbol, and (3) inversely related to the
number of total subbands since the total ISI noise power is distributed over the Ng
subbands. |
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FIG. 3 shows an exemplary subband structure that may be used for the OFDM
system. The OFDM system has an overall system bandwidth of BW MHz, which is

partitioned into N orthogonal subbands using OFDM. Each subband has a bandwidth
of BW/N; MHz. For a spectrally shaped OFDM system, only Ny of the Ny total

subbands are used for data/pilot transmission, where N, <N;, and the remaining
N — Ny, subbands are not used for data/pilot transmission and serve as guard subbands

to allow the system to meet spectral mask requirements. For simplicity, the following
description assumes that all Ny subbands may be used in the OFDM system.

FIG. 3 also shows an exemplary frequency division multiplex (FDM) pilot
transmission scheme 300. Np subbands are used for pilot transmission and are referred
to as “pilot subbands”. To simplify computation for the channel estimate, Np may be

selected as a power of two, and the Np pilot subbands may be uniformly distributed



[1034] A receiver perforns channel estimation in order
to derive a channel estimate for the wirel ess channel.

w@h@snadssesti mation is typically perfornmed basedr/os2004/040959

[1037]

[1038]

pil ot synmbols, which are nDduIat%on synbol s that are
known a priori by the receiver. The pilot synbols may

b O 4B TRTSE S e R g b
thatNpaubtedsised for the OFDM system The OFDM system

has an overal |l system bandw dth of BW Mz, which is _
parThe ressir jcan oleNive ot frogdnEequsnby anstoness iestgn@E DM the wireless

ch subband has ndw, d of, B - Foy ..a
SRR PR 08 rpRat erenw Eypels s o Ry thFas, ACloBwEot o
subbands are used for data/pilot transm ssion, where
N1 < NE , ang (ghe remaining NF - Nl subbands are not
used fiop(kdat | pforth @Ksmi ssi on and serve as guard Eq (6)
subbands to &Fow t he systemto neet spectral mask
requi rements. For sinplicity, the follow ng

AT S B S 1
tr 'ams) rﬁa(zf i"of pg%thsé’ﬁé og%@swgds%%&g :?%%fér ((a llJ)SI\,/’é d pf or
B ubbartdet® 115 cbriigl £ Gt ertbE s FanBhanne
esti e, N ..he selected as a power of two, and
Ejrgt E?iﬁil%i%é%qgﬁ%aﬁaﬁé tbgt glni fsgggaﬁds such t hat

QANIECHT IEtoPi FIOt fo8 YRDANES AERIBPRGEDoARAES InPNe Mo Nb Wiformly
P subbands. [ 1087] The receiver can derive an initial

E‘%SE% 3%%@%%@?3%’?5 gy b e B 0 BRRal - EANLT , where
. - 5 - d -

S 5 A A 0, S 7R o e

pilansubbbiidd(e@ Bt bRperallg;shifdJOFDM aystdva)) figdn @@iapolation and/or

estinmate for pilot subband Jc,and Kp.is a set of pilot .
dntppalstion mqy be performed ag fgFessary &9 obRin ehanpglgain estimates for pilot

AT GH AR SR g B et g i veon
Hi( Dbtained o Gﬁ?er%ﬂtrOFD%@bﬁiix%dll period IRNRYRSVd R quality of the initial

Tanspose. If pilot synbdls are not transmtted on any

eRGualcyrB9ohR Riildfe. subbands (e.g., for a spectrally
shaped” OFDM systen), then extrapol ati on and/ or
The frequency response estimate for the Ny total subbands may be obtained based

on the initial frequency response estimate ﬂp using various techniques. For a least-

squares channel estimation technique, a least-squares impulse response estimate for the

wireless channel is first obtained as follows:

A

ii.NP = wgprP Ep ’ Eq (7)

where Wy . is an N, xN;, DFT matrix for the Np pilot subbands; and

A

hy isan N x1 vector for the least-squares impulse response estimate.

Equation (7) indicates that the maximum number of channel taps that can be estimated

is limited to the number of pilot subbands (i.e., N,,, = N;).



i nterpol ation may be perforned as necessary to obtain
channel gain estimates for pilot subbands w thout

wpEriosn7assansni ssion. Filtering may al so be perPor/nsmoon09s9
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[1041]
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the vectors H obtained for diffe#ent OFDM synbol
periods to inprove the quality of the initial

frequency response estimate., [.1038 he fre, )
r esﬂt’?n‘éeéyoés!hiy P@Piefp&ﬁt-ﬁrﬁ%esrx?dﬁ&"?ro?‘&}ﬂpl% Eyaﬁrﬁ@@gﬁ%&yw values less
bt ai ned based, on the initial,.f

e o Tl A OS2 met to e, and
| east squar es .chann est | [ i
P B SR RN n el 8 KRR B0 % fepet . The zero

w rel ess channel is first. obta ned follows: =, ,a

desl VRRieF é;mmmﬁfweéﬁmmba&ﬁjm OBt FET0(qbER 3vesthe Hyp for the
%iglégf{f subbands; and. h N i fra?n Np x 1 vector for the

Qqé‘ﬁ%"chré@’qnﬁ?)Eﬁt@@t?’%%H ¥e" estimate. Equation (7)

i ndi cates that the maxi mum nunber of channel taps that
can beyestigated is limted to the nunber of pilot
subba%’é T@?NFEN top = N P ).[1039] The.,vector hNp Eq(®)
can be post-processed, for exanple, by setting taps

wi,ith walu l.e t hanx £edeterm ned threshold to
W@P’E?,}—Isefﬁﬁr(b) ?Iiﬁ)sf gilailﬂ%i -excess channel to zero, and

SO s described.bel ow. The vectar.hNp is then

2 orBit 8 sB6¥ e, TR s Frabort dpeEd sttt g (Channe
bhpmsd férs?@rge"ﬁﬂlb hn@Bdd¥F1 PRI, Mapd FlthtiRdiesd &f 1 tiao¥&ENQS fobfthe main
tor the Tinal frequency response estimte, as fol fows:
chiinne] ARpCRNENDps withdndi8)s ofh¥g,e- IHtiroughHN( ) + LHo2 the excedd channel.

(NF)f . [1040] FIG 4A shows a generic inpulse
iLeis ploentsme 4p4h dllengthwif tled exssssothammed land Ghaneatet thanetosehen excess

(RS SR e e orebiit . KA i AR RO et pbfs PR gl may be a
hBeliz68%r9broNaluiet 1 through Ncp + L for the excess
h I i

channel. L is the tine span or length of the excess )
chalfi(s| 4By shows ag irepleg raspense A30 donke glesiteesehagrelfpr the wireless

SRR AR oChinal A AshiDaf 420 RA B 9P B s of

ﬁﬁh?ﬂad reSpdase 480 SHoWev@edcHRERE. 298 RAMBEEexteEs dannel ks scaled by a
effective channel for the wireless channel in FIG A4A

Steding dhctomgfudg e (L eShdMeg , whereiMias theesxoesisforgthe tapeandalNs=1 ... L.
of channel
The time span of the effective channel is equal to the time span of the wireless channel

and is greater than the cyclic prefix length in the presence of excess delay spread. The
frequency response for the wireless channel can be obtained by performing an FFT on
impulse response 420 for the effective channel.

The channel impulse response for the effective channel can be estimated based on
the received pilot symbols, as shown in equations (6) and (7). The accuracy of the
channel impulse response estimate is impacted by the number of pilot subbands.

For a critically-sampled OFDM system, the number of pilot subbands is equal to the
cyclic prefix length (i.e., N, =N_). Since the number of pilot subbands determines the
maximum time span that can be estimated for the channel impulse response, up to Ng,

channel taps for indices of 1 through N, can be estimated for the critically-sampled

system.



I mpul se response 410. However, each of the L taps for
t he excess channel is scaled by a scaling factor of aN
WE2{0307d858 /| NF) , where N is the excess for thRCT/HR2084100959

NL. =1 ... L. The tinme span z the effective
channel is equal to the tinme sp of the wireless
ch I '
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nunber, of |Iot ubhands is ual. to th cci prefix.
Pingets ppddsanapigd I g causiycibrisie o B Bpt prioBhes. This then
é&iﬁ@@a@?%ad% thfﬁ&% of it dXRdsHMirdel {FPthe Rk &J}ﬁém gartha@ @ne excess
estl mate t he channel I npulse response, up to
chmnelethp ticipdex d7, ) +hdippess afindext htheigtvedicghanng] tigeat mdex N, +2
estimated for the criticall y-sanpl ed system [ 1044]
EppGarsACisien\Bs and so opulEaeh wegpoosmd ¢3@ss dranael teys taused aderror in
channel for the C[Itl cal sanpl ed OFDM system wi t h

e ®pan of the effective

[1045] chap rh?ll FF$ 150 Baé‘n tc'ﬂ@mfe‘i'(ﬂﬂpﬁlserl%fs}bdhsé L)l r’[hé‘ﬁ‘@l‘ib resultant

excess delay Spread is present. 'In thi's case,
Exquessy tisponse lestiragts feit each ditbend odn cgxpressed 4w o u g h Ncp
+ L cannot be estimated because an insufficient nunber
of degrees of freedomexists for the criticallysanpled

OFDM s(lkém EritBedfbs e, hE =dhadhe i mpul se response Eq (9)
for the wireless channel is undersarrpl ed in the

frequ . mal n th subbands. This then
Wi‘ﬁ%e?@ﬁ ﬁ%@n’é‘%fg@&g ‘ﬂ{bﬁlé‘y xcess channel in
the tine Qrmlns hat theeces n
i ndex IM& 1s @eébﬁfé‘fﬁ gaReSHRRE TS ?wgake égetl%% S#mRljng; and
tap at + .2 earg at index
Each \ﬁea a],sél%%rcg)gg B eﬁ%a@atz%@gﬁ?ff ’gr ror in
estimating the correspondi ng main channel tap. [1045]
Fér eampkéify, cBarpel §ain eerdr due to lodren ebise ispelt slsowrespmpustEon (9).
430, then the resultant frequency response estinate
[1046]  f or Thechpnnel BaRSEE £h.- 0B ENCEREIASS: Hes (k) = H(K)
+Herr(k) , for k =\ .. NF, Eq (9)

NL1
__’._..

N, -k
H._(k)=2¢ {5 sin(f——N—q’—i}H&x(k), for k=1.N,, Eq(l0)
F

err

where H_ (k) is the complex gain for subband k due to the excess channel, which can

be obtained by performing an FFT on the excess channel taps. The channel gain error

H__ (k) can be decomposed into four parts. The factor of 2 immediately to the right of

the equal sign in equation (10) reflects the two sources of channel gain error: (1) the
inability to sample the excess channel and (2) the wrap around of the excess channel
onto the main channel The sine term corresponds to a sinusoidal having a frequency
determined by the ratio of N, over Nr. The total noise power for the channel gain

errors for all subbands may be expressed as:



where H(k) is the actual channel gain for subband k;
Hcs (k) is the channel gain estimate for subband k
wWowak/otessg | cal sanpling; and Herr(k) is the erPOr/UBI904/040959

t he channel gain estimte for sggband k. For
sinmplicity, channel gain error e to other noise is
not shomﬂ in)equatiomf(Q). [13 6] T %H§Fa%: I gainI
erro ) S, .Sl =7
s ) G E B P el e kot v, e
subband k due to the excess channel, which Can be
obt ai ned by perform ng an FFT on the excess channe

[1047] tapBhe Bimabtvaivied-agiinterfremee Hejor (BNRgaforbeade cobpasiednay be
into four parts. The factor of 2 imediately to the
EXRyRtsePS:t he equal sign in equation (10) reflects the
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to sanple the excess QP. nﬁﬂ and (2) the wap around
of thegnR(kes A > | hannel The sine  Eq(12)
t erm cor r esp@hdisEs doa (k) -hasdidalo @] ng a frequency
determ ned by the ratio of Ng, over NF The total noise
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FREER AR AP e ok a0 O SOV 0T Pape Ml FeP el stimation error,
POMBES I iR Jovietaing( b YieklBEted ifHRG) arRQWRér than thENBEEnel noise Np.
three noise terns thus mani fest as a noise floor for

HowespRthiTheisnBoeransy bwit theperfaymanemefdhe systemrifthesg noise powers

error, 1.9, .an S8 P r I R
S o g b " SHE L oS 3P o my
dBinnato il aSi bAOICTRYsd povérs tintheatéserchmmee t4pk cohain a significant
systemif these noise powers are higher than the

@nﬁi@ﬁép-gnép%erm@@re)mféh@ Fﬁﬁﬂﬁé@n@éﬁm‘?ﬁﬁl’-i on error noise
[1048] POVEY nﬁﬁ%atg cﬂg% ﬁ?l%%ﬂ%ﬂ? e%fgéts %'fdexl:&ls%?dggﬁor%’\@ﬁ $hhdnel REtimation

excess chann aps contain a signi t portion
efofand SN¥, die mmilsy offpilohsulivahdd map ba medreasodr Gyr an over-sampled

1 %ﬁﬁ] @%F%ggl Oéq'% g% Egh%gl 19132)21?% o t }i?lﬁﬁ S%E){)aen(iits S(w%f_iche )i(sc ‘fahsesnumber of

different pilot subbands used for channel estimation) is greater than the cyclic prefix

length (i.e., Npe >N, ). If Npesr is sufficiently large so that the impulse response of the

wireless channel (including the excess channel) does not exceed Npesr taps, then a
sufficient number of degrees of freedom is available to estimate all of the taps for the
wireless channel in the presence of excess delay spread.

[1049] Additional pilot subbands for oversampling may be obtained by various means. In

one pilot transmission scheme, Ny =N, >N and pilot symbols are transmitted on

all Np pilot subbands in each OFDM symbol period. To simplify computation, Np may
be selected to be a power of two (e.g., N, =2N_ ) and the Np pilot subbands may be

uniformly distributed across the N total subbands. Fewer subbands would be available

for data transmission for this pilot transmission scheme.



error and SNR, the nunber of pilot subbands may be
i ncreased. For an over-sanpled OFDM system the

w0 edobendsss/e” nunmber of pil ot subbands (whi ch iBCT/§2004/040959
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nunber of different pilot subbaqgs used for channel
estl mation) is greater than the Cyclic prefix length
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subbands woul d be avajl able for data transm ssion for
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B
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500, Np = Ncp pi |l ot subbands are used for each OFDM
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[2N cp subbdnds. Schene 500 uses two dlfferent sets of
F@)F(bﬁick‘ﬂlZ}S uhhanial fr E(?Ueﬁby e@poRepeicatet B 1|alsr #RLbbihined based on

actor of two. The effective nunber of p| ot subbands
kdeelvod pilbPafibots BINfhe-se2blad set oF NS ipilpl $ubpareizrised &i OBDM symbol
the Ncp pilot subbands for each DM synbol may be
paiiddn 1y (blibckt 614huAadN gepaistsIFF as perfommiedl ons ng amdbtain a channel
[1051] FIG 6 shows a process 600 for deriving a full
ﬁﬁﬁtﬂﬁ@kesb%@le‘éﬁmﬁ%sﬁo%ﬁl ﬁ%t 1apR (8o 61®NIAR N¥PEdintTFEN is also

1, for a WI rel ess cﬁanne ased on pil ot transm ssi on

?91‘? Off A duddih bRdtné Pﬁl@éf&?&ﬁﬁe e&{mﬂ@the vhﬂchp taps

S 0 tal neT]*"]based on recel ved pi 1ot syrrbo s for

bg?cfﬁ%gfﬁt E%r gl\%lgwﬁ gOﬁt Vg% ngt%t usgtz:i t&):é(i??y Ii_:g‘nls repeated to
oBein fuer ol 30'*‘3#%3%%2?@??(%& ot ﬁ%ﬂe?voe? Pl is also repeated

second set of Ncp pil ot subbands used in synbal
but further phase adjusted to obtain a vector h’; of length NPeff (also block 620). The

vectors h', and ', are then combined (e.g., filtered) to obtain a full channel impulse

response estimate ENM with Npesr taps (block 622). The vector ENM may be further

processed (e.g., to suppress noise) and is zero-filled to obtain a vector ﬁNF of length Ng

(block 624). An Nr—point FFT is then performed on the vector ﬁNF to obtain the final

frequency response estimate ENF for the Nr subbands, as shown in equation (8) (block

626).
FIG. 6 shows an embodiment whereby the channel estimates for the two sets of pilot

subbands are combined in the time domain. This is achieved by (1) deriving an initial



period n + 1 (block 614). An Ncp- roint IFFT is
performed on HO to obtain a channel inpul se response

we@saosetses hO with Ncp taps (bl ock 616). An NcpPCPUB29D4/040959
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| FFT is also perforned on HIl tqg,obtain another
channel inpul se response estimate Jil with Ncp taps
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hN to obtain the final frequency response estimate HN

f orFIch g iNstsA1E0@RB dSrivan o e fulllnchasikd titnHillsé &)sgéﬂkb @gtimate hy, _
626). [1052] FIG 6 shows an enbodi nent whereby the )
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are combined in the time domain. This is achieved by
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the full_channel.inpul se resogonse estinat e (bl ock ~
subpandstrkhe YReirlt, mrepRatsddy cokimAdrCPEdoonBl Belt i ndeagctor b,

for. the t sets of pil ot .subbands y._al so be
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PR BECA L e BB cf BERPAREr BRLe Ty i3 oMctance being
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RS P et 0 2 il - R YRR o Bl e obtained by
estimate hNpdr with NReff = 2NOP taps based on .

SEBger B8 vseiont hior aids B 585 BB FooT herpretarcliy,or Ay also be
represents a channel inpulse response estimate with
hotgined py fiteting thel wedwss hi)and h'gspdesseibgd Belbwr t he main
channel and (2) a response 714 for the wap around

excHss vedtanrig| , wipresenisstheafidle dhimpeliithposanpbpange iastimate with
the frequency domain with Ncp pil ot subbands. The

Wegt er2-N), kaps nad dadelds (D alstminge @3 érttioe mhaindclanpelj @) a response
ho]Jr . The vector Ji 1 simlarly includes a response

722 férahe ttheancelied pottamne thamdam atoesp erems tRanmeh (3}t heesponse 736

Wo’r;atge excess channel, and (4) a response 738 for the uncanceled portion of the main

chaﬁnel. Responses 734 and 738 may be due to various factors such as, for example,
changes in the wireless channel between the times that the vectors ﬁo and ﬁl are

obtained.
As shown in FIG. 7, the full channel impulse response (with Npe taps) of the
wireless channel can be estimated based on two received OFDM symbols each

containing N, pilot subbands. If the wireless channel is relatively static over the two

~

OFDM symbols, then responses 734 and 738 may be small and the vector hy _ is an

accurate full impulse response estimate of the wireless channel.



around excess channel. The vector il is al so repeated,
Wi th the repeated instance being inverted, to obtain a
weewsoresss = [h) -Jil] . The vector hNp . nay PEI/US2004/040959

obt ai ned by sunm ng the vectors, 0 and Ji Z1, as shown
in FIG 7. The vector hN may al so be obtai ned by
filtering the vectors h 0 and h/f , as descrjbed.
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estimate HN . AUor sone of the taps in hNpc. may be

selected for use, and zero or nore of the taps may be

set tdzetl X H.4k) . zdpoédrloutr t 0 suppress noi se. Eq (13)
Several tap selection schenes are descri bed bel ow.

[1057] FIG_  8A shows an inpul se respgonse 810 for an
[1058] st TheaghaanelnesHmation $¥ToR nojse JOWes 50k Bk sehesie §cofbthe, order of the

E i C i . . i .y
e M BETE P 44500PSR PR A0 e s
bipgled caseashowd ih beudtiant(1 NPeidr the fitst tapsselebtion sdhemexthegmmcation
channel) are set_to ze i.e., truncated). Estinated

SHar e erpIowes ook 5o SRt BiefireD e edtest s gh Bpe nd does
abf 86 tgflljt{]ﬁ&ﬁ% BooLXaSas, BB HNE! 1do? FPLARCHRASPP&Btion scheme is

zeroeof . wever, 1 npulse response 810 does not
dovperthamrtbat for thp caiticalhydsapiflebease.The channel estimation

[1059] te Lrélolrgx%gsi §etlph Ise egt%% ssi:%!ar%gta s%npr%gllgi%sfre anl‘%vgrggnq.ﬁﬂgn Eginb,ywhich is a

reduction in noise resulting from zeroing out some of the taps. Since the last

Np. —N,, taps are set to zero, they do not introduce any noise and do not degrade the

final frequency response estimate ENF . If Npy =2N_, and the last N, taps are zeroed

out, then the noise is reduced by approximately 3 dB over the critically-sampled case.
[1060] FIG. 8B shows an impulse response 820 for an estimated channel for a second tap

selection scheme. For this scheme, all Ny taps for the full channel impulse response
estimate ﬁNm are used. Estimated channel impulse response 820 does not experience
truncation effect or wrap around effect since the excess channel response is properly

estimated with a sufficient number of pilot subbands. As a result, the channel

estimation error noise power for this scheme is approximately zero and the SNR does



[1061]

[1062]

[1063]

channel and may be expressed as: errL, )= k) , for =
NF . Eq (13) [1058] The channel estimation error
woeise7gsesver for this scheme is on the order OPCT/H82004/040959
excess channel energy and is apgroxinately hal f of the
noi se pomer for the criticallys | ed case shown in
F I S he
oL bisRlE o i 5B ghil ¥ b BReEE, PR A ARETR NpPtaps are
ubel, wo apdurtion Iitdn@f%é €icd., s oveaangplingeain)dndcidees svet the critically-
affect the noise floor. Thus, the noise floor for the
s3PRled £356- sel ection scheme is |ower than that for the
cri 'fdb(féa!l | Xmﬁﬁﬁpésetﬂ Cfe&s otgegvse%] for ﬁl% dritfeslt sah@Ping and oversampling
sel €ct] on schere al so provi des an oversanpllng gai n
wlides.h Al ‘Sedl in @UTuncdte bolunmi indicatesthiat thedadt o, zaN gitag of the full
out sone of the taps. Since the |last peff - cp taps

ﬁﬁm%ﬁ dﬁlﬁsezl%%ﬁbnsé REYmER ROt hRtdePMISE02RNd BOhéelnamates that all
o not degrade the final fr@quency response estinmate

Ngffta]%;argnaggdf = 2Ncp and the last Ncp taps are zeroed
f hen the noise is reduced by approximately 3 dB

over the critically-sanpled case. [1060] FIG 8B shows
an i mpul se response 820 for Tabledsti mated channel for a
second tap selection schene. For this schene, al

Npeff taps for|the full chapngl Aréitd BErFARABORE| Oversamplin
est iSHRMIENpCcf | ahangated. Esltq%?ﬁusd cwanrﬁfedtrrpu se Gamp s

racnnnca 820 r~|"\ac rot—experience frnn'\qtj ana'F ett—or
\/l\rl \/ T

o S-O—"TTUT

mﬁapaﬂﬂammﬂngf ect since the e§%$ss chann resp)nse No
IS @rpgpequy estimateéd with a sufficieht nunber of

pirtot—subbandsT—7As result, chanet T mation -
er Doersampkeg poper fO° thi $ ch is approXSmately °s

zer@rarelNJe SNR doggnot pbseryg, a no| se figor dpe toyy

t hncn o nff etts— Howeve el Bpee al ] Nooff + ancl Ar

Lo 4 | TNOCTT TS Al T

used, no reduction in noise (i.e., no oversanpling

gai 'g% Fifst a%]ﬁ@' %é’oglg nﬂg%@lek% ﬁcfh!efr% ?%Elleé’tsﬁgp ied dé?e?ﬁlmlstllqc manner.

[10 rizes t ects observed for t
Ak ttapcsel ecsiamplaiy ratg odrech enfoemsd mpdthergnamsess sorde ofywhichiane described
ﬁage Truncate columm indicates that the |ast NPeff -

“faps of the full L channel inpulse response

est n@ﬁﬁr@ﬁﬂfsﬁe@ﬁ&l S&@ende0 “ﬁ]%sﬁeldﬁfgd i® usdiio 4tk GRABSI taps with
that all Npeff taps are used. Table 1 [1062] The first

anfficiat onaigy ap! tetee birorhasutlémsswitle las energps Channel taps with low
%1elct3reggl rgrg] ill%élly Gue 36 Woise rather than signal energy. A threshold may be used to
determine whether or not a given channel tap has sufficient energy and should be
retained. The threshold may be computed based on various factors and in various
manners. The threshold may be a relative value (i.e., dependent on the measured
channel response) or an absolute value (i.e., not dependent on the measured channel
response). A relative threshold may be computed based on the (e.g., total or average)
energy of the channel impulse response estimate. The use of the relative threshold
ensures that (1) the thresholding is not dependent on variations in the received energy
and (2) the channel taps that are present but having low signal energy are not zeroed
out. An absolute threshold may be computed based on the noise at the receiver, the
lowest energy expected for the received pilot symbols, and so on. The use of the

absolute threshold forces the channel taps to meet some minimum value in order to be

selected for use. The threshold may also be computed based on a combination of



The tap selection may al so be perfornmed in other
manners, sonme of which are described below [1063] In
W@ 2a08i076858 ap sel ection schene, "threshol di ng" PET/USHEO4/040959
to select channel taps with sufihcient energy and to
zero out channel taps with | ow enhergy. Channel taps
n a
olohe b8 DGO Wopl ol . DRURABI T 1HPARold may be
wigphed basednal the @iewsnof thenchahndlamphiss respohse edimate and further
energy and shoul d be retg;ned. Jhe t.hreshol d may be
pineditoResayalie oF SFoalt S0 ARTBHLCTHHECG MR PO e
[1064] MBAREr ﬁlresﬂgﬁiﬁgﬂ Bﬁzehgé g:eff@ﬁfn&fs i vaRbA! h¥@n¥8! Ud Ohe Ghresholding
dependent on the asured channel response) or an
adbsmkthe thkhusiding i perforaieddfive ke trimaation lo€ theeksuNgg; —~ N, taps
channel response). A relative threshold nay be
sahmey beletassad an the (e.g., total or average) energy
of the channel inpulse response estinmate. The use of
the relative threshold ensures that (1) the
t hr eshol diong fos | Adt< Bgpendent on variations in the
recei ¥ed|ener and (2) t B8 “elann®k taps that are Eq (14)
present bk Hg ¥T&® ow si gnal energy are not zeroed
out. An absolute threshold nay be conputed based on
the nqise at the receiver, the | owest energy expected
woeret heisrtbe eth/element(tep inskihol s, and so on. The use of
the absolute threshold forces the channel taps to neet
some kM mihe wedrgieof the otidiap; t o be sel ected for use.
The threshold nay al so be conputed based on a
combi Eat isahe tidsholdarsed teseeth dwtrlowehedgyygsand absol ut e
t hreshol ds. For exanple, the threshold nay be conputed

sed on. the ener of .t | U e
36 ety PO fop :REnEREA8 oh BRUnfif SREE TR taps forthe
greater than a predeterm ned nini mumvalue. [1064] The
triaire shasingl ng) follgwHeEper ¢toiliag, | 'n Whete oy, pélnnisr he main channel
one threshol ding schene, the thresholding i s performed
alergy (dftee ttuncation) aah ogf istaheoefacientNFdfef coeltiviand g, sy be selected
may be expressed as: A =for =1 ... N1, Eq &14)
pased optareadgi ofEbetireereneise suppression apg signalhdgietiong pA inpgher value for
hNpff ;. 1AL . 1.is the energy,of. the i-th. : [
CraPTss e st SRS ER g 5, gt s g 1 Rigod of 218w enerey

tap being zeroed out. The coefficient ¢, may be a value within a range of 0 to 1/N_,

(e.g., a, =0.1/N,).

[1065] In another thresholding scheme, the thresholding is performed on all Npsr elements
of _liNM (i.e., without truncation) using a single threshold, similar to that shown in
equation (14). In yet another thresholding scheme, the thresholding is performed on all

Npesr elements of ﬁNm using multiple thresholds\. For example, a first threshold may be
used for the first N, taps in ﬁNm for the main channel, and a second threshold may be

used for the last N — N, taps in fl_NM for the excess channel. The second threshold
may be set lower than the first threshold. In yet another thresholding scheme, the

thresholding is performed on only the last N — N, taps in ﬁNM and not on the first



The threshold may be defined, for exanple, based on
the energy of the Ncp taps for the main channel as

w0 odos0wsss E111= - || hNpfr ||2 , where || hNpcP€T/p22004040959

[1066]

[1067]

[1068]

[1069]

the mai n channel energy (after gr7uncati on) and ath is
a coefficient. The coefficient ath may be sel ected

S o] .of | I.0 ol
Sl 3uf e gRfae iR Rrs BF oBUPRIERS . RAORR o ithin he
Beoips ©f tHefipvasidhon but al so increases the |ikelihood of
a | ow energy tap bei ng Zero d oyt. The coefficjent ath .
mayl I5eshaldjng isevel} suated Tof & Wixglessphapngl ghat fs Tgppuge’y such as a wireless

- RABRL BRfteth e i BEARBe! fidiGnuch

?%%égwlop%%ﬁékﬁ%@gieaﬂb g? nmed oﬁsr%ﬂl N%E%éj{glﬁglﬁcgﬁt S o? veh of
thidpatfanndlienergy esincémitated mum & itaps) Eavhrigp @oskspghds to a resolvable
threshold, simJlar to that shawn in equatjon (14). | .
btz Rt s FRBST PR SRR aREY: vhePilh CEmBrLtRps fow signa
Eﬁcﬁg QU thoRBh 3hd dHﬁ?fs'ﬁ_reﬁJi & NtimediffBNREe) BEtlyB&G these signal paths

I'tiple thresholds? For exanple, a first threshold
may telaggeed Thertapsheorfaspending po wepk ormomipxastingovignahaths can be
nmai n, channel, and a second threshold nmay be L used for
£Fe°d QU NPeff - N 1, taps in hNp . for the excess
chapngh. bd hBowRCHAE stteaSpafdmanye keays ek n@Weved Bifificantly by
the first threshold. In yet another thresholding )
sedreamplinghwith NN g.g PoNi- n € versapplifig fnmeembinaien yvithhzurcaten of the
NPeff - Ncp taps in hNpc. and not on the firstNCp
tap N, ;Th¥ | hapsgirovidend ) mdywbengesr floompSNR betdvee the wrap around
manners, and this is within the scope of the _
effeat it nonhpref® @6 (Dmashsduéting dus teedvierssuiplieg ghisry  @versampling
wi.r el ess channel th i s. "sparse", such _as Wi, I el ess
S RRER G iinpts by Poia OBt i Sra gt ity offects
Wit Rlo8$ Sndthprivede MASrsEMphn®f %Eeﬁﬁle CeRRelplRB e i Ycombination with
concentrated in a few taps. Each tap corresponds to a

glels,&hbhhmg Ewish on aritheat Erlum_:f:ttinln)a c@l pr@ﬁ@wfurﬁlplb papreyeent in certain
S5 CHRPGARE AP ke PSLLED G5 B TR n e

detbyee delalespeead] gl expaiples iy dxCedsadelld: sprbfl E@dstion is detected
corresponding to weak or non-existing signal paths can_
freg-z By perdorsring cprrelatn on ﬂl@éﬁﬁ%‘@dsqﬁmﬁ thempirurgpiion pay be disabled

' oved shoni t .
U5 LI T, R S0 S SH Wi atos
esBivientit dtaminwhé fullt chames inpuls©fespdie leatihatdbiPehich calNptodjile a more

provides (1) a |lower noise floor in SNR because th
mcalﬁata%@we? etals 29 IRIPV L FYSLTh PerioRRansg. Hheeral, the amount of

EEFUCELOR A48 SRrONBIReRbieRSs 9] the SMBERAOPIh&Fy in the excess
channel increases.

FIG. 5 shows an exemplary staggered pilot transmission scheme with two sets of
interlaced pilot subbands. Various other pilot transmission schemes may also be used to
obtain the necessary effective number of pilot subbands for oversampling.

FIG. 9A shows a staggered pilot transmission scheme 910 with four different sets of
pilot subbands. Each of the four sets includes Npg, pilot subbands. To simplify
computation, Npg, may be selected to be a power of two, and the Npg, pilot subbands in
each set may be uniformly distributed across the Ng total subbands such that

consecutive pilot subbands in each set are spaced apart by N;/N,, subbands. For

example, Npy, may be equal to N, Ncp /2, and so on. The pilot subbands in the four



[1070]

[1071]

[1072]

wi t hout truncation renoves the noise floor due to wap
around and truncation effects but does not provide

wW@®sPAsp | ng gain. Oversanpling in conbi nati oPCTS$1904/040959

thresholding (with or w thout tgrgncation) can provide

further inprovenent in certain scenarios. Truncation

ge%@é%faﬁdﬁfﬁ?&ﬁgw iDg BRB-1leSPubRrd i3 aRbwH iR FI6NR! efhe four pilot
ased on the detected del ay spread. For exanple, if

tubbank sesaredstdin fopr @EDM symabal ipenodss fatekempledin the grder shown in

?¥ ﬁFrfOJﬁi cogrglation on the received chips), then
Grrreads B HESBEOYFsabl ed and t hreshol di ng may’ be

enaifcemlciived ipBiaPk@tibolk Tor Mk ERS SetsO¥ pRRAILLREIA A9 e used in

the receiver 'to obtain the full channel inpulse

varinye meaanerstfoneltaaneldstimption nA sheyicl enpolsayespanse gstimae of length

a | estimate and.i nprqv er f.or.nanc I
ghéﬁli’g‘lﬁ\gﬁs",’ of?ﬁ s Y HE OB o rag?/dzgr%{r?[%%m&t"ﬁed& or %gﬁbb(l’lls godf these four
pil6 KBEAR R%s. t AR Hnpafse PRB6MRS dstmaRCoERESRSN, - = 2N, may
channel increases. [106@] FIG 5 shows an exenpl ary
B¢ g By 01 eirformaiSii NSi-poinSIHRING: this INp 1ebei &l 15100 symbols for
interlaced pilot subbands. Various other pilot
tachrGFDNEymbol pheok® otryinah sophlse rsponse@stimb@i by | fod length Npg,
necessary effective nunber of pilot subbands for

@M aE5aRg Himul688ponb&estits MQWS omceSdnA0uipisBiele Bhd Slase of each
transm ssi on schene 910 with fouf different sefs o

e YR ey LT B LSS e e
L RN M RN R S —p—
e e AL LTRSS O i v
NESP R T Sop S B B AR v

QuUr S [ | SQ. | ria [ G AN t U ~
URERSIER PirRaR Sttt o b B B SpphisE rpbliel ifiuce i,
used .in four OFDM synbol periqds, for anple, in the i
Hirerotimet, a@JHStmgdie gﬁ”&ﬁ Of fach Wrlapes %‘%N@r Feecessiryyig) obtain a
The received pilot synbols for the four sets of pilof
sedttrahs, mand 63 wsleting thevalli chamnelrimnelse résppnssrestimete hy, =~ with
estimation. A channel inpul se response estinate of
tiengictor NBRD, . I plhaseCidjubivpedt israypdaderttainahe etintbas 6flpidst subband
the received pilot synbols for these four pilot
séth hadhitle pélbssubbarciiamesdh sepul se response esti mate of

l ength NPeff = 2NPsb pay be obtained by (1) perform ng
an PByehots 3 stpgecss( PR UGPEBISseR sPRaee éﬁ Wﬂtﬁéfm—s SfGerent sets
Epﬁilo’c subbands. The first set includes 2Npg, pilot subbands, and the second and third

sets each include Npg, pilot subbands. To simplify computation, Npg, may be selected to
be a power of two, and the Npg, or 2Npg, pilot subbands in each set may be uniformly
distributed across the N total subbands. The pilot subbands in the three sets are also
interlaced in a comb-like structure, as shown in FIG. 9B. The three pilot subband sets
may be used in three OFDM symbol periods, for example, in the order shown in FIG.
9B or in a different order.

In general, a staggered pilot transmission scheme uses different sets of pilot
subbands for different OFDM symbol periods, and the effective number of pilot

subbands is equal to the number of different subbands used for pilot transmission. Any



[1073]

each OFDM synbol period to obtain an inpul se response
estimate hNpb of |ength Npsb, (2) repeating the

WO palomEs5§ esponse estinmate hNpb once and adj usPCTyS100€040959
phase of each instance of hNpb necessary to obtain
a vector h 2NPsb an (3) updating the full L channel
h Hér%? ﬁlgﬁﬁ%ﬂéﬁl &34 (oFRpRtAM sYlaly btehu@ed/ eﬁthﬁéhep;%)@'tltlorﬁgenerally

annel I rrpu Se response est1 mt é of engt
ddwiReshomnmgyto behlgbﬂaeffﬁ@tivbyu(nwr pepildrsubbapda mniijabio- a wigert channel

PR 5 Rt e 5 B OB 538 e s o

AP the bt hBP 8RNIdRIthE N BY dSfEeréRSREAISSEs &FtubBiRishNRbmay be
three tinmes and adjusti ng t he _phases of each instance

advaniggeoussto rraelestbenugh tand drmamit rloh symbels oy asmplgst) of thedNr total

élﬁ%o dagtplr?rflﬁ?lph% “%IV H@,ﬂd %llali Iﬂﬂrﬂ\f‘? .%fﬁﬁeﬁ . pﬁ’ glébbands are used in

agth\ CED®INdynibd] ﬁ&ﬂﬁi’lﬂ%@der@@rddh@e pilstloeerhedd. pi | ot subband
sets and the pilot subbands in each set. [1071] FI G
9B Howk) & %W%@g]@ﬁoé%ssplqo& forrpesforming ebpngehestingmy for a given

r

Wapobead PG s B o, Dhilins's SHF B doec Qg fmbols i
bhthindd et 5 samfnpllmcshbmwmséﬂ forl ot srahdraisden id dhe current OFDM
sinplify conputation, NpSb may be selected to be, a
mowlen! pefiod mghlocn 01 e Axjpsitiabfre@ipeprespérse estirhasartds(vi) ris derived
each set may be uniformy distributed across the N F
fasttheseilob awtthendsThaseionghe sedshygd dslot symbads (blode 1@,134)8 An initial
are also interlaced in a.onb-1ike structure, as sh
rhpnpeldmpyfse responss estignate hir) duthemdarivsh @Sﬁ%yn k{@-gu @acperfonmng
in three OFDM synbol periods, for exanmp in t

& GBFT shpihe infiiak fiequamy gpspopsaestinate &E,n(ﬂ) c(btp@k 10[1_@97?]16 initial
I'n general, a staggered pilot transm ssion schene uses
dhaflﬂlelrlﬁr]ﬁilsseé@onée @iihnate h(rbhamej&aifed ronck 6f poseibly @bfaMimes (block
synbol periods, and the effective nunber of pil ot
$018)amdsh hﬁtaﬁekuaf ht0) ishgprptibety affustid ferexainpy bbpids based on
used for pilot transm ssion. Anynunber of pil ot
thebpratichlmepibot (subbandp aséd inths)cumept HEFDM symbal Pclghbrl (also block

GG T OwPRGE! Blost 088 SERR “RieBabd gl FEPOASY Sstimate
52(%%%%419&6‘4 éﬁﬁan tfherrmre any nunber of pil ot
or

S nmay be use each set, and the sets may
di ff

[1074] Cflgadhe}lol‘ d:\tr;{ gblg%ucise 1espPon CyC ke 1{1‘%&' 'ﬁ’er (Sngoffar ?h I° quiid] negf OFb‘M symbol

F otgh
|Iotsrrbolson n e NF tota
861’10(1 n 1sy then updated ‘ta)ase(q%nyh ?n) EbI]ock 10209 The updating of hN (n) may

be performed in various manners depending on (1) the staggered pilot transmission
scheme selected for use, (2) whether or not filtering is performed, and (3) possibly other

factors. For example, if filtering is not performed and pilot transmission scheme 500

shown in FIG. 5 is used, then ﬁNM (n) may be set to E(n) for an odd-numbered
OFDM symbol period and computed as ENM (n)= [-ﬁNM (n—-1)+h'(n)]/2 for an even-
numbered OFDM symbol period. Filtering of h'(n) to obtain llA_Nm (n) 1s described
below. The full channel impulse response estimate ﬁNM (n) may further be processed

(e.g., truncated, threshold, and so on) and zero-filled to obtain a vector ﬁNF (n) of length
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subbands as possible. However, only a small nunber of
(e.g., Ncp) subbands are used in each OFDM synbol

wW@ensothssh order to reduce pil ot overhead. FI G@CT0S2004/040959

shows a process 1000 for perforppng channel estimation
for a given staggered pilot transm ssion schene.
i.tiall a group.of received pil.ot s KSed
o chioRedt &' aGmdsFy SiebEthshiatifle Kabp ot s gyrent OFDM
transm ssion in the current OFDM sympol period n

d i n
PRl period pys thap derivedibaped eneth chenyiel BamHifEsRODET FREmAte by, (7)
) .is derived for these pilot subbands based o
&é‘a“éﬁ 1&d)piBlegkssipiB Jhough 8¢ m@y199 pe oflp ggeh OHBM symbot
g Iwﬂiﬁwgﬁﬁﬂt Sebsliyagt e h(") is then derived
ased on (e.qg., pe

rftormng an | FFT on) the initial

fregueBed ARSRORRE AAE ChimieR imPhlst Tbsfoab® Gktirh®d6h,, THE may be
initial channel inpul se response estimte h() is

[ . PO re ti .

OEERRH RY AARERe BR B3 PlobylB By TR Bebbinkd it o PR fiteras
% (ggle, i n phase based on the particular pil ot

subbands used in the current OFDM synbol period n

(al so bl ock 1018). The output of block 1018 is an

ext ended changel inpul se response estimate h ) with

nor e lhagls(nﬁﬁgieﬂﬂ(h{ n-i)The full channel inpulse Eq (15)
response estiate hNp f (n) for the current OFDM

synbol period n is then updated based on h ( ) (bl ock

20). Th dat.j f f f d i
Vb s MYhET S iR s AR ESRS  PRAPE AL b | o
tr a”S!Z'F S84 90 FEME T SGk & Gnt ?[R( gftSr (2) whether or

i Ag 1S p and

not fitteri erformned, possi bly ot her

factors. For exanple, if filtering is not perforned )
Heowapiapel FIRaflen dsidh dchdnanddhe dikistgd fredueney resppase estimate
ysed, then hNprr(n) nay be set to h ) for an . n
bl Ot rib arveighiod saREthy RESRdqdestioner] dmaulse gsapase astimates A'(n)
hNpdr (n) = [hNpcir( - 1) + h ( )]/ 2 for an

torelynpridrend dhaoRmidns OFBOM spabolnerios.| Fer 4 nep-equsgifIR) filtes, L, 21,
obtain hN . (R) is described below The full channe

iZgpdl, sed tlesplbersé frequénoptresponge estitraje lpy (fliris heveighted sum of the
processed (e.g., truncated, threshold, and so on) and

gREAdddl dHagsk] timpaht abdpodse) etingitesh N (G 0)foo (L, | igs tidFcurrent, and L,
(bl ock 1022). final frequency response estimte H N

Githref OFDMh gyraho] peribd OFBMTeymgof LpeedeixaddrOFISM fyambols is needed to
derived based on the channel inpul se response estimate
fmNement theheekausalR filBirocks 1012 t hrough 1024 may be

perf.or neg.f.or, each, Ok [ . r
i I"‘Ehe g?/e%g%ngts a@)@ h[ll;lee ! Vg}g&b %aypgg sglgctgﬁ 1#]\?&91%\(1‘3 manners. The
L + L, +1 vectors ¢; for the L, + L, +1 taps of the FIR filter are selected to obtain the
desired filtering characteristics (e.g., filter bandwidth and roll-off). The Npegr

coefficients for each vector ¢, may also be selected in various manners. In one
embodiment, the Np.sr coefficients in the vector ¢; for each FIR filter tap are all set to
the same value. In another embodiment, the first N, coefficients (for the main channel)
in the vector ¢; for each FIR filter tap are set to one value, and the remaining

N,z — N, coefficients are set to another value. In general, equal or different weights

cp

may be used for the Npesr coefficients in each vector ¢;.



[1075] As noted above, the full channel inpul se
response estimate h Npdr(") may be obtai ned by

wo pdoserdsss) h ) . For exanple, h dir(n) may bePChUsi00€ 00959

[1077]

[1078]
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[1080]

with a FIRfilter as follows: . )—.CII-O,
Eq(15) I=- Z, where c,- is avector wi th Npeff

co etsfor Rfllter d L1l are, .
© hette il afad ok porponsieshRRic bl fof Y Aiiso Ofted with an
Igslg Iﬁéo L2 1, andthefilteredfrequency
{5?{38 I%mte h N (n) is a wei ghted sum of the
ext ended channel inpul se response estimates h ) for L2
pri or gand. th nt periods. For a
non- cah%sfant)qulk y*?@i‘“(g:_%wwrﬁégb 1, and the filtered Eq (16)
frequency response estimate h N (n) is a weighted sum

%}Tefeha Lehfe QOﬁJﬁﬁer&l tHe Rl dr'ﬁliepflfﬁ%eco% ?_jg%} %a£b<f selected

prior e current, uture
Bssrea%ﬂ&he akhfréfc%risﬁgs @fe. Lcl)hél%ﬁ@é #86) SRbAgEIBOLRnh
needed to inplenment t e non-causal FIR filter. [ 1076]

TheTteoigftfdl Giegidiey frespohdtcestitidtd B () afi@ywr b Hel ﬁ%tl@éilciy Response
vari ous manners. The L1+L2 +1 véctors c,- for the

le%ﬂr% Hy, gfg)oﬁl ?alst)l?)@ ﬁ’l_'tleﬁdftb ob&n ﬁ?ﬁeﬁﬁgﬁfyt ed to obtain

tering characteristics (e’g., filter
gggﬂq (A &%nlger{cgllglg?ogﬁe) eghgx@?e ﬁlﬁi &’t) éﬁ.’%{e ! {}s%:d%gbietec%on to recover
PR i e SIS b bt P g S8R st B eprprossea

héie sane value. I n another enbodinent, the first Ncp
coefficients (for the main channel) in the vector Cl-

for each FIRfilter tap are set to one value, and the

r enmi Hi(ky=NRet (k) N@deN@E)i entfor &rel s, t o anot her Eq (17)
value. I n general, equal or different melghts my b e

used for the Npeff coefficients in each vector

where] BYFY Is thhérahamhit syrhkoldied subbgnd e r esponse esti mate

hNp . (") may also be obtained with an IR filter as

f ol | ou(k)jis e obhnnel goip-ebtitnate-fod subband k) , Eq(16) where
atis atinme constant for the filtering. The tine

const dAk) ds themejseinbsauedeior é@bb@ﬁé &dangh t he

gﬂg;ﬁéft(% ist Iecl:'gcel ed%ymbglotjgr su }c.l me) of the wreless

The detection may be performed as follows:

Y (k)

S = T =S(k)+ N'(k) , for keK, , Eq (18)

where S'(k) is a detected symbol on subband £;
N'(k) is the post-processed noise on subband k; and

K, is a set of subbands used for data transmission (i.e., the data subbands).

The operation in equation (18) is commonly referred to as equalization and is typically

used for an uncoded system. Alternatively, the detection may be performed as:

Sk =Y ()H" (k) = S(k) + N"(k) , for keK, , Eq (19)



[1078] The initial frequency response estimate .p (n)
and/ or the final frequency response estinmate HN (n)

woreapsaresess be filtered to obtain higher qualityPCT/182084/040959

[1081]

[1082]

[1083]

[1084]

The final frequency response es bmate HN (n) may be
used for detection to recover the transntted data

exprgls‘seoI”ﬂggth%C?lll %’%gmé%@%{?ﬁ% Jc;ip (?@?Hﬁ&?o qu?on (19) is

comﬁdEnly refprfed 79 avdnetcheSfiliajng zmduhiaypiaaﬁymd fosym:bdrtd s’yeﬁem

T R ARTIENT P S
FﬁD'M st mC)on ﬁletc{b%nﬂﬁﬁeﬂtt\é%geﬁ }5891@ h16®ra §éiﬁ9ﬁ‘t”@ 93 data . processor

080] e detection may be perforned as foll
kummﬁnzes(ﬂmans,s cwded,enmleeﬁ%syn\ﬂ)@mdm&atmbkmrmnnhol nmps) traffic

ey o, Bt RRABARH ST RB " Rr S " PAR Sl "hn oM

fod@latort DE2(1abivedbRRNdath- sﬁ&l@ Faelﬂaf;ﬂ@m siRbeEU ﬁBﬂns OFDM
(18) is commonly referred to as equalization an

mpdikadipn ys desatibed rfmaEIQ+ nb cad drevidesepnstragrp of r%EDMeml,lbols- Pilot
t At @et %%A(n%ﬁltt 18r %ﬂcgletﬂatéﬁe 8%‘3{@6 nuﬁh%? bfbll(‘tlsﬁ‘p)bands is

@Eﬁﬁt& @Bar H% eyl wrsfie Qéhgﬂlg #.e, N, J}fe> gy & ladﬁe‘#eﬂ oversamphng A
equation ( 9 is commonly referred tQ as nmatche

fransaitter TR) {34 eospives @gie@nﬁ'élits ﬁleéafaéra of ;%EIM\ symbols into

M e e

upeondens)l the lanalag sipneBge genérate dl d&Onlink $1gm15md tréﬁE)ﬁlts the signal
dat a processor 10 re ives, formats, codes,
Vi By anisapad 12 ‘b ©s (i.e., symbol maps) traffic

gi‘;gtofegﬂgrm %S%E%M Rt | 97 rRUTRONRe (kBRI a) dilPhvides a

[ator 1120 receives the dat
seaehvet $ig11abltqoa Ircnei\eeymmm(B,C\/ﬂér FlodnsR €oeider mod U144 |comdlasns (e.g.,

%g:agﬂ?p Fn@nﬁi?ﬁﬁ%ﬁgcya ?t\}fﬂlr}%e ?@%tr%%?gdgfﬁllgﬂgl)%glnzes the
%&Hinsﬁbats@r}aﬁ aﬁ& Eﬁﬁf‘ide\é PR %rupgfto 2 bg?m gbllaamﬁtot $156.

greater than the cyclic prefix | é; .e., Npeff
Nc pF1G.o12ichiey enowsbasimpnti afy OFAM demodulator 1156. A cyclic prefix

removal unit 1212 removes the cyclic prefix appended to each OFDM symbol. An FFT

unit 1214 then transforms each received transformed symbol 1o the frequency domain
using an Ng-point FFT and obtains Ny received symbols for the N subbands. FFT unit
1214 provides received pilot symbols to a processor 1170 and received data symbols to

a detector 1216. Detector 1216 further receives a frequency response estimate ﬂNF,dn

 for the downlink from processor 1170, performs detection on the received data symbols

to obtain detected symbols (which are estimates of the transmitted data symbols), and
provides the detected symbols to an RX data processor 1158.

Processor 1170 includes a channel estimator 1220 that obtains the received pilot
symbols and performs channel estimation as described above. Within channel estimator
1220, a pilot detector 1222 removes the modulation on the received pilot symbols and

may perform extrapolation and/or interpolation as necessary to obtain an initial
frequency response estimate Ep,dn with channel gain estimates for Ng, uniformly

distributed subbands in each OFDM symbol period. An IFFT unit 1224 performs an



[1085]

[1086]

[1087]

[1088]

transmtter unit (TMIR) 1122 receives and converts the
stream of OFDM synbol s into one or nore anal og

W@ e@saresss conditions (e.g., anplifies, filtersPCHIN004/040959

frequency upconverts) the analo? signals to generate a
downl i nk signal, and transmts %e signal via an

OO R g e i AT et e

ed,.si gRa r
BB, 5 SAIPNF o iy, LSl R

%Eéﬂs@'e%ﬁma@% Fib B YBNE YasAunBGaRy aid iﬁrtHle]r" dfusEehy %ase of each

I'tizes the conditioned signa and provides
metaece deedrdpsA combinerfiltm HR2%cten either 0911156165 puep the output of

R RO s B0 IR ols TSP SIS A by thBft and zero-

?ﬁdﬂﬁﬂ o< uafepend qsérfo@ngaﬁﬁaslgmwgS(yﬂvtambledmnEFzEm;gaadlﬂg1(4 obtain a

hen transforns each received transformed sy
végort hgadyemb{mouxps n AtsFRQ it NB2pihien tpefbiina ml Fifit en s vector
NF recelved synbols for the NF subbands. FFT unit 1214

Fﬁf oVi g @BiaiPHe 'ﬁ\ﬁﬁfjfr&ideﬁ&%/ ﬁa\é}{)@iﬁé estirfatd FB! OC 85798 N dubfbands for the
aht™recei ved data symbo a detector~™1216. Detector

glg‘;,glglyrther receives a frequency response estimte
HNFdn for the downlink from processor 1170, perforns

detReferiring hnwktuquICbcbl,vBX date ;pregasens| bl 58 desedulates (ie., symbol

etecte r t h

FhAS SRR ES DYAEPAR B Smis I Feroyer e framsmitted
SR a%a. t DhdprobRssHhiattay @FDM&&ﬁdeﬂﬂtEBlli&ﬁﬁﬂ]]{XR[aﬁcmswsor 1158
1170 i ncludes a channel estinmator 1220 that obtain

isneompepniay tpithe prosssing by QFPM spadyiaier ERSmng TX data processor

Wt hin channel
ﬁ{d @@s%) fgéﬁpa%é&rs plkaﬁﬁ 1E%)ect or 1222 renobves the
Moot did Gplinkn atTie da&cpno\zesdoprIMpmyesﬁsm ‘Safﬁncﬂataaynd provides data

ggé&glggw extr aggl at | n af],d#l»?rregelpgqts?r pol aﬁgy B}S’n‘laéa symbols with
I
gﬁ{;ﬂf gyrﬁ{rﬂ%;l/s’ Chf fﬁﬁs ('BFB subi&’) %ﬁ%&bﬂﬁéseés&éﬁn Ir}rl“bGFDM symbols.

r| but e I n"each OFDM s
ke ipdidt spmbolsFiay be ttrahgrilﬁteﬂemri Nuf;nsubhah&sF'thatb rhalvh éeen assigned to

initi : %@g}g@g%&% gcglszrs‘fstl te t &?@H mﬁ,)fortheuplmk

h%gﬁye the SRRESH diFeRnt3bin the %@mb@rﬁﬁfﬂlﬁt EJ%aﬁMN}%' for the downlink.

| se response estimate as many times as necessary
Mutedver,t thersamad anschﬁenema(qmaseg@hnehpﬂotu tansenigston; $chemes may be

e B I Y OH R itk S5 Bb RS0 el BB fd rocesses

MgidéﬂmFEWS}ﬁﬁ&DQEbsgerﬁﬁité Biﬁhﬁhnk“slgﬁbﬂ ewhichds &@gbmitted via an
zer opaddi n
antem?a 1152 tg the access point.

At access point 1100, the uplink signal from terminal 1150 is received by antenna
1124 and processed by a receiver unit 1142 to obtain received chips. An OFDM
demodulator 1144 then processes the received chips and provides received pilot
symbols and detected symbols for the uplink. An RX data processor 1146 processes the
detected symbols to recover the traffic data transmitted by terminal 1150.

Processor 1130 performs channel estimation for each terminal transmitting on the
uplink, as described above. Multiple terminals may transmit pilot concurrently on the
uplink on their assigned pilot subbands. To reduce interference, each subband may be

used for pilot or data transmission by only one terminal in a given OFDM symbol



unit 1230 perforns thresholding (if enabl ed) and
zero-padding to obtain a vector hNpdn with NF taps. An
WO-BEDs0Mss8 1232 t hen perfornms an FFT on the vecPOr/US#B)€oM0959
to obtain the final frequency rggponse esti mate
HNp>dnf or the NF subbands for the downlink. [1085]
S "B:B8s0A 3b Gndy/ iﬁ%&ﬁm E%arqf%; BstRiRGEED shddREn FIG. 12. For
a I e., “synpo

enodu es ( emaps), delnterleaves, and
gana6esniig, siet&ssred 30WbkahSart Mitid GRYBEnchBsponse estimate H,, for
transmtted traffic data. The processi ng by OFDM
theroptivk #rohe Ickmbnad bdseRXndrlod spmbale sseived T it terminal, derives a
conplementary to the progessing by OFDM nodul at or 1120
clrgmaXnmise rpspovssetimatd by, rios fectermpl basgd oncdes gnd derives a
poi nt 1100. [1086] On the uplink, a TX data processor
ﬁﬁﬁzﬁDﬂA&%@? S@§pons& febiima@alih, antorPitRy icth@malldaged WAD®@LS,, .  The
An OFDM nodul at or 1184 recei'ves and nulti pl exes the *

nbol i th Di | £
oS TRt B oL Y RO Bury T R SEBNIM ottt
ﬁg%@&@%%%&r%e@g%,?f%%aﬁé .tted on Nup subbands that

een assi gne mnal™ 1150 for pil ot

[1089] tr aMBeEsssEs AN30 khé 1ngoidectothe pipetition Lo aeds poii)100 aind terminal
the uplink may be the sane or different fromthe
A3 sespeqtivsly. Ylewanhunis L6RaRg 11 Gr stprzePrarsam Godgs and data used by
r 0 j nt ri
IRRERAE! L end oo kLA s, 8% PA sk pctor
dieamnbl askimation apddsattbedabbvansm tter unit 1186 t hen
recei ves. and processes .the stream of OEDM.synbols to
(10901 o aiaithn i PATIKTSIGHEIOn A CRAHE! FUREHT [GaTgHE e been
c N
SELEBRE 4 FRRONOM N5 Thsch ol M3l A 30CqE mtarir
nedelatien tdeimignessuniaas digadretrmaulitooe@¥dd).by a recei ver
unit, 1142 to obtain received chips.. An.OF . .
[1091] oA S Rasop A} UL ELu PRl B S bomymay be
REPNéHERRA ‘b?%ﬁbﬂ@sdmﬁéﬂsptFo? ¥RiapIe, ek € thaSiaplemented in
for the uplink. An RX data processor 1146 processes i
himdwiaes, softwdres yorriro bembinatiert dhesgolt hEon a dfafdware dmplementation, the
transmtted b erminal, 1150.. [ 10 Proc 0 0
eRPom Bt SRR e BEhe LPFRIRL whbidlone or more
b Ilﬂib‘éﬂbﬁ bpoRMicanteed it dultk (ASKCs)latigitdl RREaliov@sors (DSPs), digital

tiple termnals may transmt pilot concurrently on
sigaal processing devices SPDs), programmable logic devices "(PLDs), field

programmable gate arrays (FPGAs), processors, controllers, micro-controllers,
microprocessors, other electronic units designed to perform the functions described
herein, or a combination thereof.

[1092] For a software implementation, the pilot transmission and channel estimation
techniques may be implemented with modules (e.g., procedures, functions, and so on)
that perform the functions described herein. The software codes may be stored in a
memory unit (e.g., memory units 1132 and 1172 in FIG. 11) and executed by a
processor (e.g., processors 1130 and 1170). The memory unit may be implemented
within the processor or external to the processor, in which case it can be
communicatively coupled to the processor via various means as is known in the art.

[1093] The previous description of the disclosed embodiments is provided to enable any

person skilled in the art to make or use the present invention. Various modifications to



uplink on their assigned pilot subbands. To reduce
interference, each subband nay be used for pilot or

W@l 2108/0t65shnsni ssi on by only one term nal in a gP@BEOSIORNA0959
synbol peri od. Processor 1130 na§5inplenent channe
estimator 1220 shown in FIG 1277 For each term nal m

c ' : ik .

e

inciilesdofinel fiereacmay belappletto bthet embodialentsdethoutdeparting from
hannel i npul rrespanse_estimate hN m for .t he .

s PR a1 SagRe eﬁf%sﬁn 105, Giie FieRSESeR! mvemonds Bef jaigaged to be

lglﬁxlﬁtg@fbstﬁe eibbiicatsHhBhefet biltheid 5 4¥cHAkd BRSAdeRRcope

i

. The trequency response estimate H N for each
¢amsistentivith shqoprincipdeschndmo@rlRpteaswlikglasedheremd4 and used
for detection for that termnal. [1089] Processors
1130 and 1170 direct the operation at access point
WHATARACLAIMEMRES:1150, respectively. Menory units
1132 and 1172 store program codes and data used by
processors 1130 and 1170, respectively. Processors
1130 and 1170 al so perform channel estinmation as
descri bed above. [1090] For clarity, the pilot
transm ssion and channel estimation techni ques have
been descri bed for an OFDM system These techni ques
may be used for other nulti-carrier nodul ation
techni ques such as discrete nulti tone (DMI). [1091]"
The pilot transm ssion and channel estimation
t echni ques descri bed herein may be i npl enented by
vari ous neans. For exanple, these techni ques nay be
i npl enented in hardware, software, or a conbination
t hereof. For a hardware inplenentation, the processing
units used for channel estimation may be inpl enented
within one or nore application specific integrated
circuits (ASICs), digital signal processors (DSPs),
di gital signal processing devices (DSPDs),
progranmabl e | ogi ¢ devices (PLDs), field programmabl e
gate arrays (FPGAs), processors, controllers,
m cro-controllers, mcroprocessors, other electronic
units designed to performthe functions described
herein, or a conbination thereof. [1092] For a
software i nplenentation, the pilot transm ssion and
channel estimation techniques may be inplenmented with
nodul es (e.g., procedures, functions, and so on) that
performthe functions described herein. The software
codes may be stored in a




menory unit (e.g., nmenory units 1132 and 1172 in FIG

11) and executed by a processor (e.g., processors 1130
w@e@s026889 . The nenory unit may be i npl enent edP@i/Uki004/040959

the processor or external to thegsprocessor, in which

case it can be comunicatively Coupled to the

processor via various nea i known in the art.

[ 1093] The previous descrﬁ%%?%% t he di scl osed

enbodi nents is provided to enable any person skilled

in the art to nmake or use the present invention.

Var i oAsmetbod bf estimiating atfaduersy restonss abmwvireless thapael in a wireless

readi |y apparent to t.hose skilled in the art, and the

85W@PW%3 WEoP) SLREHPHed herein may be applied to

ot her oiRA AVEBASS twb thGips ddepaitddnglot sPmbbRELS B Tehdt t@6 sets of
scope of the invention. Thus, the present invention is

pidnt Jubbendgcane graww of raceived pyot REnkelp daF ARokt set S ilet subbands,
herei n_but i i i L
BB b P AR Sl BBt AoS oS BRB smemision
diffeedn®s@abdlgedbd,. WHAT IS CLAIMED IS: CLAIMS 1. A

nmet hod of _estimating.a frequency response of a

wi r el eaminealest tWO dnilipl BrsacycrsiRRe CaHIaiRS S9sef o, the at least
GBS, BRI Oyl S8 G HEP Do E A tor cac
groap of caepived piletcsyimbeth; pi | ot synbol s for each set of

pi | ot subhbands, mpe ein each of the at.|east two
grall

ets
of pi fEtViREABaKEE! %&Hnl? fe I5PROEe ErERR asd g t?‘ﬁ ajleast two
N3 e - a .
PG5y PR OBk e SOkl eponc
bstimwtte tovopigges upwe ¢dpsrtbaetheauinbiet of pgtrsubbandsameach of the at least

[nitial,.f. ncy response estimate for each group of
m&t%%@lh%%%ag%ﬁﬁﬁ?s; deriving an overall channel

| NPpul §&iViRS BRBYEraR HdqiBiE RafRee 0firhdte fai the&Asdleds Whannel based
initial frequency response estimates, wherein the

ow theadveradlchanies! impples weponse peimsaic.est i nat e conpri ses

nore taps than the nunber of pilot subbands in each of

the at |least two sets of pilot subbands; and deriving

an ovehalhetho@ Bfeslam reswndiscia et demtite far otdiell channel impulse
wi rel ess- channel based on the overall channel inpul se,
resppsa selimate baseden the atfpest e Walpl drequengy apsponsgrfstapies includes

the dﬁéﬂi&ﬂlé‘ o %Qst%%riﬁidal Eﬁﬁﬂéﬁeﬂnﬂu‘lﬂgé%%%nse estimates based on the at

least two initial frequency response estimates, one initial impulse response estimate for

each initial frequency response estimate, and
deriving the overall channel impulse response estimate based on the at least two

initial channel impulse response estimates.

3. The method of claim 1, wherein the deriving an overall channel impulse
response estimate based on the at least two initial frequency response estimates includes
deriving an intermediate frequency response estimate based on the at least two
initial frequency response estimates, and
deriving the overall channel impulse response estimate based on the intermediate

frequency response estimate.



response estinmate based on the at least two initia
frequency response estinmates includes deriving at

WO e@sH7¢5%® i nitial channel inpul se response esPCTHSRE4/040959
based on the at |east two initiag frequency response
estimates, one initial inmpulse fésponse estimate for

2ch inits ; y i : g _

Fre ot Heflog SEAMEN FYwh SRORE Brbah BN 1EpdIFREpH S stimate
tdirprédes |Nas$dps] whetenNT Bl a dosptinelf§ thepivesdl clesmpohderpulse response

estimates, 3. The thod of _claim1, wherein._the .
el Al reagekioaor R Pliﬂs SHRREnAS. ) Bt 14t gl of pilot
On the at least two initial frequency response

est1 mates includes deriving an intermedi ate frequency
response estinmate based on the at least two initia

requgpcy response. estimates,. and derjving the overall.
Shanndhe FSHIEE! FBEpdn Botet MHaP o oot n igh SeCHE uniformly
BitrBubRdicAlss N 6@ Sibind e QRS 6 FofPihe piot filkafidtil @6naining
of claim1l, wherein the overall channel inpulse

prespd tizeat deast tven sstoafimplof subbands, where Nrip en antpger jggeater than one.
| ength of the overall channel inpulse response
estimate and is equal to total nunmber of pil ot

gubbamHs nigthddnef @binl eahereiOreseived pilotiiyibolsibabtisnedon a first
The nethod of claim 1, wherein the pilot subbands in.

seicof Ritat sybbangs inopdd-pumbaereq ispabeldperiqdss andywheseip) received pilot
. are of f I o) upb Sl

FBth i, 3R uACH e 380nd ATH PRl Bbni B B Epiibered. symbol

sefiiBnds, where NF is an integer greater than one. 6.

The nethod of claim1, wherein received pilot synbols

are obtained on a first set of pilot subbands in

dd-n i , i : .
9 D %;ﬂﬁ)dsé(f”@% PelhAdRy thaRf1abieiR! ftd @fg}?ﬂdé i%lq‘%l%ands include

pi |l ot sy s are talned on a second set
sqizbamdber of pdetsubbamdser ed synbol periods. 7. The
method of claim1l1l, wherein the at |east two sets of

pi | ot subbands i nclude equal nunber of pilot subbands.

8. Thengaidard of cighfh MyvhereWBE &t Rabth@oddetd §BSilottsWBbands include

sets of pilot subbands include different nunbers of
diffen¢nt sutnbens @4 pilet subhandset hod of claim 2, wherein the
deriving an overall channel inpul se

9. The method of claim 2, wherein the deriving an overall channel impulse
response estimate further includes

repeating each of the at least two initial channel impulse response estimates at
least once to obtain at least two instances of the initial channel impulse response
estimate,

forming an extended channel impulse response estimate for each initial channel
impulse response estimate based on the at least two instances of the initial channel
impulse response estimate, and

deriving the overall channel impulse response estimate based on at least two
extended channel impulse response estimates for the at least two initial channel impulse

response estimates.

10.  The method of claim 9, wherein the deriving an overall channel impulse

response estimate further includes



response estimate further includes repeating each of

the at least two initial channel inpulse response
W@susnetses at | east once to obtain at | east tweCT/US2004/040959

i nstances of the initial channel,gi nmpul se response

estimate, form ng an extended channel inpulse response

est| n?él@ct{;’@f %ﬁ%'ngﬁihtaééab{ fHaanelst Wiﬁs%céseéip%[&ﬁqmﬁal channel

estimat e based" or e at | east two instances of the

impulseatespinas estimateypnt seheras fermxéendsd Chranel ingomtke response estimate

erivjng.the overall channel i | se.response estimt
isocath sl Shenre] SerpSe AP CTA o] TR G 'on R fast two
EQSARBESHaS zjid]@stt&‘ﬁingt‘aﬁcésWt@iﬂtﬁﬂ%%ﬁ%ﬂm?ﬁig% h%%)onse estimate.

channel” i npul Se response estinmates. 10. hod of
claim9, wherein the deriving an overall channe

L, mpul respons stinmpte, further .includessel ectivel v .

LB PR RRRAE o R et s i, dfHind 8 Bl g impulse
rdipbnselestEiiae Fekhdr iihES r esponse estimate, and wherein

t he extended channel inpul se response estimate for .
each Benling sack phitheept leapuimepecitended rdhaned impalse rpsponse estimates
f or med ! ' . .
AU sl ARE o8 o boctftits o BBt F SbirkBlaiRpRSApd chanvel mputse
ERPOBSStiRate] Whtrin dtlleasti@onetlbd dhafnet impulsOrespdite @btimates are
the deriving an overall channel énrrgﬁl se response

ebfpinedfer that Irest Tracexiendsd shammeh gnuieregponss estypatpe with at least
ngségéﬁ&gﬁﬂﬁéﬁggﬂgl i mpul se response estimates with a
respective set of coefficients to obtain a

cor r esqabminggths @t lcast whastakeld dhagmel sepules pepemse estimates to obtain
est i rr%ilsp wherein at | east two scal ed channel inpul se
feqysliebaun] frapwlse iHROnSB SRR for the at |east two

ext ended channel inpul se response estimates with at

| east two sets of coefficients, and conbining the at .

12ast Themetloal eficleinahevhénpuths et teasiplovosseteet cordfieisnis are for a
%btaln Hhe overabhgﬁgﬁnnel I mpul se response estimate.

B1te HHPUISEICRRANSS i'f°11, wherein the at |east two
sets of coefficients are for a finite inpul se response

(FIR) filter. 13. The nethod of claim11l, wherein the

a8. | edbe meflepdsefi daint 1 bowhareinitenatsleast dwe eets o coefficients are for an

infinite impulse response (IIR) filter.

14. The method of claim 11, wherein each set of coefficients include N,
coefficients of a first value and Ny coefficients of a second value, wherein the N,
coefficients of the first value are for first N, taps of the overall channel impulse
" response estimate, and wherein the Ny, coefficients of the second value are for remaining
taps of the overall channel impulse response estimate, where N, and N, are integers

greater than one.

15.  The method of claim 1, wherein each of the at least two initial channel impulse
response estimates is derived by performing an inverse fast Fourier transform (IFFT) on

a respective one of the at least two initial frequency response estimates.



infinite inpul se response (HR) filter. 14. The net hod
of claim 11, wherein each set of coefficients include
wokpsoosss i ci ents of a first value and NL coef PCTUS2008£040959
of a second val ue, wherein the p coefficients of the
first value are for first Ncp taps of the overal

ann ' re S I At [ . .
frr Bl RRSSFr SRERCToEnGRH R SrarAM oIS Refdio htimate is
daved dfy pdrbrovey alfist Foareretransfigm g6 T)empthesevesdl chmahel, impulse
where Ncp and NL are integers greater than one. 15.
TERRODSB EHBREY®f clai m 1, wherein each of the at |east
two initial channel inpulse response estinates is
derived by perform ng an inverse fast Fourier
t7.ansTe methogET vlaom 1 afurthepenmprissngone of the at | east

o ne S TG SRR SO Sl rponse cimat
{oSRR) RARrEN iwme@lg{(hsofctﬁé bv&all bMare! fnfulleNgspdnkd&dtimate and is an

Fouri'er transform (FFT) on the overall channel inpul se
miésgpogreeteeianone.e. 17. The nethod of claim 1, further
conprising: setting selected ones of NT taps of the

overal | channel inpul se response estimate to zero,

yérer eTh niethod dfediginhl Rfwlidiein Qe Nl of bbann@ps bffhiel erall channel
response estimate and is an integer greater _than one.
ingpulserespemshestimate e S¢tip 2910 Wﬁ@iegﬂzﬂsl #wsthamNwf the NT

taps of the overall channel inpul se response estimate

are set to zero, where Nz is less than NT. 19. The

0%t hoTh©metHodiofcladm 18heiheiein Nz is squad) talNt t-ANHTwiiege N, is a cyclic
where Ncp is a cyclic prefix length for the system and
prsfizdengiht g dhe gypiem ad it A HILEHFE SrBtT ARODRet hod of

claim1, further conprising: determning energy of

each of Nx taps of the overall channel inpul se

2@s pofisemetiod mfitim WhfrtheNdomwising:engt h of the overal

channel inpul se response imate.and is.an integer
gr eat g?temﬂ-awgoqﬁlssgyaf?foeagw? ﬁwgta_ {5 fovey Ryl JEbYige response
Zfﬁ-&t%fvifﬁel?@ Iﬁ-rﬁ LY of iR $vRPall ShadnBSISNdPAAR résponse estimate and is
threshol d. 21I. The nethod of claim 20, wherein the

sthingsgen pdaies thdaohe,esidbased on total energy oft heNr
t aps

" setting each of the Nt taps to zero if the energy of the tap is less than a threshold.

21.  The method of claim 20, wherein the threshold is derived based on total energy
of the N taps.

-22.  The method of claim 1, further comprising:
determining energy of each of Ny taps of the overall channel impulse response
estimate, where Nt is a length of the overall channel impulse response estimate and is
an integer greater than one;
retaining Nx taps with largest energy among the Nt taps of the overall channel
impulse response estimate, where Nx is an integer one or greater; and
setting Nt — Nx remaining taps of the overall channel impulse response estimate

to zero.



22. The nethod of claim11, further conprising:
determ ning energy of each of NT taps of the overall
web@sowsisss npul se response estimate, where NT i BCEUS2004/040959

| ength of the overall channel ?pulse response

estimate and is an integer greater than one; retaining

Nx taps with | argest energy anong the NT taps of the
overal | channel inpul se response estimte, where Nx is

2th inTb@mmﬂmdefdhhgﬂeﬁmﬂxmcwmuﬁﬂngting NT - Nx

remai ni taps, of .t he overal ann S
D BBt SrCHSHEb RIS Ehel R Be! SRR aucncy
&gﬁm{sbsgtﬁﬂateperform ng detection on received data

synmbol s with the overall frequency response estimate.
24. The nethod of claim1l, wherein the wreless

SRS AR BY B bR 0 RS By e

drthoMdBSIEfddubhe I isRhesdtiplemgiOPBIMYN Ssystem uti |l | zes
di sdegréete érarlulitiklgltone (DMI). 26. The method of claim 24,

wherein each OFDM synbol transnmitted in the wireless
nu n
o of N EhARE, B SR AhAHEELE PGS R it uitizs
gesdetd 1n6is toly @NIARs than a Iength of the cyclic
prefix. 27. An apparatus in a wireless comunication
system conprising: a dermodul ator operative to obtain
(FUBFnD 124! SRRkE deah | OFDIY @rﬁib%l f@hsdfited in th
?(Seast ﬁ%@&%@?g ogf §m‘f)ot su ands one group o sifitted - the
wirekky edmpiinddation ndystem fuorludeach csyehc q{reﬁx | antd sw}nbtmn dke overall
elnech of the east two sets ilo .
BB IS rSRensp e eieoTorim IS ARG, B At dfneephdhe oyelic
P%@fgpl per| od; a pilot detector operative to obtain at
east two initial frequency response estinmates for a
wi rel ess channel based on the at |east two groups of
[ t.s one initia uency. response
8Er T nsbanigefis it VRSh S P PRt sish S HBS <.

a demodulator operative to obtain at least two groups of received pilot symbols

for at least two sets of pilot subbands, one group of received pilot symbols for each set
of pilot subbands, wherein each of the at least two sets of pilot subbands is used for pilot
transmission in a different symbol period;

a pilot detector operative to obtain at least two initial frequency response
estimates for a wireless channel based on the at least two groups of received pilot
symbols, one initial frequency response estimate for each group of received pilot
symbols;

a combiner unit operative to derive an overall channel impulse response estimate
based on the at least two initial frequency response estimates, wherein the overall
channel impulse response estimate comprises more taps than the number of pilot
subbands in each of the at least two sets of pilot subbands; and

a first transform unit operative to derive an overall frequency response estimate

for the wireless channel based on the overall channel impulse response estimate.



a conbi ner unit operative to derive an overall channe
i mpul se response estinmate based on the at | east two
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overal | channel inpul se respons? estimate conprises
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estimate, and wherein the conmbiner unit is operative

to derive the overall channel inpulse respaonse

88t i ndhe appasetts of clata 24t Whetgdy the\gombiier juat ig RRpFEYe to derive an
ul r h [
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adpbride estirasieake] fordegive ﬂce)bvreﬁlmhnﬁmal éspulsatesplyas estirate based on

the at least two initial frequency response estinates

theantegmeriate Jequensy s6WPRIa eStiMatenel ~ i mpul se response

estimate based on the internediate frequency response

estimate. 30. The apparatus of claim 28, wherein the

60Nbi Mhe appardtus sf c:laiar 28, iwterdin theepadines aioh ivdperdtevedo

| east t\NOlnlt channe esponse esti mat

pcfidsct S5 it ISR AP BB o RE RS (Bl o egst once to
oBiald c?%{ WY '.i‘ﬁktah&@ 'fbkﬁf‘e ihgiaPRARe] bl B Rporise reBﬁnﬁﬁ‘te

ext ended channel 1 npul se response estimtée for each

i ni ti &mchaestndedrobinsel mplﬁmwpmlmmtebﬁg esdcl Anitiplechannel
at l.east two |1st?n es ,of

| .
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hﬁ?ﬁ{ké& &ﬁ,@@g{ﬁﬁa@sﬂhﬂn&te based on at | east two
ext ended channel i ul se response estimates for the at

| east demiwe ihe pveaall limphise | Teeponess gefifaete psedrapned. least two
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Ir@?gﬁsete‘g@mg%gended channel |rrpul se response estinates
h a respective set of coefficients to obtain a
correspondi ng scal ed channel inpul se response

31.  The apparatus of claim 30, wherein the combiner unit is further operative to

scale each of the at least two extended channel impulse response estimates with a
respective set of coefficients to obtain a corresponding scaled channel impulse response
estimate, wherein at least two scaled channel impulse response estimates are obtained
for the at least two extended channel impulse response estimates with at least two sets
of coefficients, and

combine the at least two scaled channel impulse response estimates to obtain the

overall channel impulse response estimate.



estimate, wherein at |east two scal ed channel inpul se

response estimates are obtained for the at | east two
we@ziosndsss channel i npul se response esti mates WETIUS1004/040959

| east two sets of coefficients, ;and conbine the at

| east two scal ed channel inpul se response estimates to

obtain the overall channel inpulse response

estimate. 32. The apparatus of claim27, further

82npr The a}graraaustdfrmmwﬁrr@leummp@pm ative to set

sel ect ) 0 rall c
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estimaté and is an integer greater t han one. 33. The

P AscAPERoNeT estimata s apfiegar grecke thniees s

comruni cation systemutilizes orthogonal frequency

di vision nmultiplexing (OFDM, wherein each OFDM synbol
83.anSThé bgdritis bNelaith LB wEGeRanewitetss comnmyiiation system utilizes
includes a cycli¢c prefix,. and wherein the qverall

eviogeanl frarensr divsinmeltipleinen (@ oNhpMhsedn farle QB symbol
{r.%ﬁnﬂed ﬁ]l QL Qifdlesh BSmﬁw)ﬁﬁ dafford ))%fcén)l( mc%ﬂies al g@lﬁ’@ﬁl‘eﬁkuﬁld wherein
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ﬂmroveﬁﬂlachamuj impulse eespoﬂmﬁgnaﬁnpmmhsesemerevtepis thiah @tlength of the
synbol s, for at |least two sets of pilot subbands, one
@Ycé’ﬁﬁr?ﬁx recei ved pilot synbols for each set of pilot
subbands, wherein each of the at |east two sets of

pi | ot subbands is used for pilot transm ssion in a

84.f f eAerappaytub @ a pavelessicommanisatiayr syststa icompygsiag: | east

two initi frequen onse es

w1 el B B eAsE AR A Sos ot ey il el et least two
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estimate for each %rou recei ved pil ot synbols;

subbands) ovhetkin joath @1 dhe ab éeaail fwe et rad] pilotpsubBands ds pises dor pilot
stimate bas an, t Least two initial frequency

ﬁ' ﬁ%@@ﬁfﬁg@%syy&z% d’j’lt he overall channel

i rmul SRafE FROMSKRINEH! hiThdagt GRFRAItISE ey li@Bsorkd aktithhies for a
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nne e over anne résponse
ﬁﬁ:hmsnﬁir @leriving an overall channel impulse response estimate based on the at least

two initial frequency response estimates, wherein the overall channel impulse response
estimate comprises more taps than the number of pilot subbands in each of the at least
two sets of pilot subbands; and

means for deriving an overall frequency response estimate for the wireless

channel based on the overall channel impulse response estimate.

35.  The apparatus of claim 34, wherein the means for deriving an overall channel
impulse response estimate based on the at least two initial frequency response estimates
includes

means for deriving at least two initial channel impulse response estimates based
on the at least two initial frequency response estimates, one initial channel impulse

response estimate for each initial frequency response estimate, and



35. The apparatus of claim 34, wherein the neans for

deriving an overall channel inpulse response estinate
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estimates includes neans for deggving at |east two

initial channel inpulse response estimtes based on

the af,chRast adiBnd MelovalallfchSHe BENIESRBONRE 81 1EBARE on the at

one initial channel inpul se response estimte for each

lengtttiva linifinlediaened ympedsprespanse sstivpatese, andneans for

deriving the overall channel inpulse response estimate

based on the at least two initial channel inpulse
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response estimates, and neans for_deriving the overall
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megrartliategiramehcyofesidnee edtilad@ast two i nitial channel

i mpul se response estinmates at | east once to obtain at

| east two instances of the initial channel inpulse
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t he amepmsafyr forpingnin iexlendesh ahesinel ppilse respepsenestimate for each

esti.nates. .38.. The a ratu f claim34,,further

0 P i PRl Pase S Aot Malrptapss of the

BX(if RHSthe LRI respdhsd StinfatgpaMSe estimates with a

respective set of coefficients to obtain a i

cor r eBIsenfdfon glesvmgdhe onaghehannel impulse response estimate based on at

least two extended channel impulse response estimates for the at least two initial

channel impulse response estimates.

38.  The apparatus of claim 34, further comprising:

means for scaling each of the at least two extended channel impulse response
estimates with a respective set of coefficients to obtain a corresponding scaled channel
impulse response estimate, wherein at least two scaled channel impulse response
estimates are obtained for the at least two extended channel impulse response estimates
with at least two sets of coefficients, and

means for combining the at least two scaled channel impulse response estimates

to obtain the overall channel impulse response estimate.



I mpul se response estimate, wherein at |east two scal ed
channel inpul se response estimtes are obtained for
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means for conbining the at | eas?l two scal ed channe
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